Abstract. On the basis of a series of studies conducted in Botswana and preliminary results from an ongoing study in Spain, developments in microwave remote sensing by satellite, which can be used to monitor near-real-time surface moisture and also study long-term soil moisture climatology, are described. A progression of methodologies beginning with single-polarization studies and leading to both dual polarization and multiple frequency techniques are described. Continuing analysis of a 9 year data set of satellite-derived surface moisture in Spain is ongoing. Preliminary results from this study appear to provide some evidence of long-term desertification in certain parts of this region. The methodologies developed during these investigations can be applied easily to other regions such as the GCIP area and could provide useful databases for simulation and validation studies. Additionally, they have strong potential for global applications such as climate change studies.
Introduction
Surface moisture is an important link between the land surface and the atmosphere. It has direct influence on the exchange of heat and moisture between these two sinks and as such is an important element in the global circulation process. Surface soil moisture has been identified as a parameter of significant potential for improving the accuracy of large-scale land-surface-atmosphere interaction models. However, soil moisture is quite difficult to measure accurately in both time and space, especially at large spatial scales. It changes constantly as a result of precipitation events, evaporation processes (which includes extraction by vegetation), and redistribution within the soil. Spatially, soil moisture is highly variable on both the small and the large scale, due to the variability of precipitation and the heterogeneity of the land surface (e.g., vegetation, soil physical properties, topography, etc.). While point sampling of soil moisture is generally thought to be the most accurate, the observed value is representative only of a relatively small area immediately surrounding the measurement. Subsequent areal averaging of these measurements, especially at scales of 102-103 km 2, will often introduce large errors. Since remotely sensed land surface measurements are already a spatially averaged or areally integrated value, they are a logical input parameter to regional or larger-scale land process models. Regular and improved estimates of soil moisture have been shown to significantly enhance the perf6rmance of general circulation models (GCMs) [Shukla and Mintz, 1982] and certain mesoscale models, such as flood forecast These studies have provided highly promising results, not only for near-real-time monitoring of surface moisture but also for long-term climatological applications. This paper reviews some of the more significant results of these studies and how they might be applied to current research programs such as the GEWEX (Global Energy and Water Cycle Experiment) Continental-Scale International Project (GCIP).
Theory
Remote sensing systems, which monitor the natural microwave emission from a radiating source, are called passive remote sensing systems. This technology is based on the measurement of the thermal radiation from the surface in the centimeter wave band and is determined by the physical temperature of the radiating body and its emissivity. In the microwave region the emitted radiation is extremely low as compared to longwave infrared radiation. An approximation for the Planck equation, at low frequencies (f < 117 GHz), is the Rayleigh-Jeans approximation and can be shown to lead to TB---eT
where TB is the observed microwave brightness temperature, T is the physical (thermometric) temperature of the emitting layer, and e is its emissivity. For a more thorough treatment of electromagnetic theory the reader is referred to Ulaby et al. [1986] . The microwave region is the only part of the electromagnetic spectrum that permits truly quantitative estimates of soil moisture using physically based models. Microwave technology is the only remote sensing method that measures a direct re-sponse to the absolute amount of water in the surface soil. The basis for microwave technology in the measurement of soil moisture follows from the dielectric properties of soil-water mixtures and their effect on the natural microwave emission from the soil [Schmugge, 1985] . The dielectric constant is an electrical property of matter and is a measure of the response of a medium to an applied electric field. At low microwave frequencies the dielectric constant of fresh water is around 80, while the dielectric constant of dry soil is usually less than 5. This large difference accounts for the measurable range in emissivity from dry to wet conditions and lends itself well to satellite remote sensing application. The parameter is also a complex number, and therefore it is somewhat difficult to validate with field measurements. In a nonhomogeneous medium, such as soil, the dielectric constant is a combination of the dielectric constants of its individual components (i.e., air, water, rock, etc.). The soil dielectric constant may be calculated from a number of popular models [Wang and Schmugge, 1980; Dobson et al., 1985] .
Various other factors such as soil physical properties and vegetation also have a significant effect on the microwave emissivity from the land surface. One of the most important of the soil properties is the surface roughness. Roughness results in an increase in surface area, thereby reducing the reflectivity and increasing the absorptivity and emissivity of the surface. Roughness also reduces the sensitivity of emissivity to soil ß moisture variations and thus reduces the range in the emissivity from dry to wet conditions. Surface roughness is a function of the root-mean-square ( The influence of polarization on vegetation optical depth has received relatively little attention, although there is some experimental evidence that differences in the transmissivity at horizontal and vertical polarization are dependent on incidence angle. These differences are observed mainly over vegetation elements that exhibit some systematic orientation such as vertical stalks in tall grasses, grains, and maize [Ulaby et al., 1986] . At a nadir (0 ø) incidence angle the stalks are not visible and appear only as small randomly oriented disks. However, as the incidence angle increases, the stalks become more prominent, resulting in an increased effect on vertically polarized emissions. In general, however, the canopies for most crops and naturally occurring vegetation are randomly oriented, and it is reasonable to assume that the leaf absorption loss factor is for the most part polarization independent. This tendency of vegetation to reduce the polarization difference with increasing biomass is the basis for the microwave polarization difference index (MPDI) [Becker and Choudhury, 1988] .
Satellite Microwave Data
The microwave data are from the scanning multichannel microwave radiometer ( ---14 times in 1 day, with a local noon and midnight equator crossing, and a swath width of about 780 km. Brightness temperatures were measured at five frequencies from 6.6 GHz (X = 4.5 cm) to 37 GHz (X = 0.8 cm) at both horizontal and vertical polarization, resulting in 10 different channels. Although complete coverage of the Earth required 6 days, sufficient overlapping would occur during this period, especially at latitudes away from the equator, to result in repeat coverage over small sites about 2-3 times per week. The 24 hour oncycle of the instrument resulted in both day and night observations, which for research purposes was an ideal feature. While the spatial resolution of SMMR was rather coarse (from ---25 km at 37 GHz to 150 km at 6.6 GHz), these data still have highly useful applications, especially at regional and global scales. for all cover types. Using a partial area approach with the 11 precipitation stations located throughout the study area, it was felt that highly accurate estimates of daily pixel-average soil moisture were achieved.
Monitoring Surface Moisture in the African

Physical Surface Temperature
Satellite microwave observations are generally recorded as brightness temperatures, which must be normalized by the physical temperature of the emitting layer. For semiarid regions it has been noticed [Owe et al., 1992 ] that nighttime brightness temperatures displayed a significantly higher response to variations in surface moisture content than daytime brightness temperatures. Several factors appear to account for this phenomenon. First, daytime surface heating is extremely high and variable in these regions. This usually causes severe drying of the surface layer and increases the difficulty in making accurate spatially representative surface temperature estimates. At night some moisture is restored to the surface as it attempts to regain some equilibrium with the remaining profile. Additionally, the temperatures of the air, soil surface, and canopy also approach equilibrium, making it less difficult to estimate spatial averages of surface temperature. ever, one notices that the satellite-derived surface moisture is frequently overestimated. The standard error of estimate for these data is -5% absolute soil moisture [Van de Griend and Owe, 1994a]. The reason for these high-moisture values is due to a large extent to an overestime of the vegetation for much of any given month. This is an inherent disadvantage with the NDVI compositing process, whereby the highest recorded value during any given month determines the average value for that month. This may lead to significant errors in estimating the canopy transmittance, especially in semiarid regions, where vegetation greenness is extremely variable and highly reactive to small localized precipitation events.
Single-Polarization Microwave Analysis
Dual-Polarization Microwave Analysis
A radiative transfer model was also used to investigate and compare the seasonal variation in the vegetation optical depth and the single-scattering albedo at C-band and Q-band (37 GHz). For this analysis it was assumed that both the optical depth and the scattering albedo were independent of polarization. Again, for vegetation canopies, which possess a totally random structure, this is not unreasonable. The optical depth at both frequencies displays a distinct annual course, although the 6.6 GHz data appear to contain somewhat more noise (Figure 4) . This clearly follows from the fact that the microwave signal at the longer wavelength is also significantly affected by the soil emission, whereas the signal at the shorter wavelength is due predominantly to the canopy emission. The vegetation canopy is much less transparent to the shorter wavelength signal, which is evidenced by the greater optical depth values at 37 GHz. However, the scattering albedo displays the same average value for the 3 year time series for both frequencies. An annual course in the scattering albedo is also not evident for either wavelength, although there exists considerably more noise in the 6.6 GHz data. The reason for this is not entirely clear.
Because of the nonideal nature of using monthly NDVI to estimate the vegetation transmission properties and since polarization independence of the optical depth and scattering albedo had also not yet been conclusively demonstrated, a new numerical approach was developed to solve for the soil moisture and which uses both horizontal and vertical polarization brightness temperatures. This new approach is referred to as the dual polarization approach and utilizes the radiative transfer equation (equation (3) (Figure 5) .
Monitoring Long-Term Temporal Changes of Soil Moisture
Many results from the previous studies in semiarid southern Africa are currently being applied to an ongoing desertification monitoring study in Spain. One of the objectives of this study is to investigate temporal changes in long-term soil moisture, quantify the changes, and attempt to relate them to specific land use changes or physiographic characteristics.
The The physical temperature of the emitting layer was estimated from the 37 GHz vertical polarization data for the entire study period. A procedure was developed, which was based on a series of relationships derived from daily maximum and minimum air temperatures, ground-based surface temperatures, and Meteosat infrared surface temperatures (M. Owe and Van de Griend, manuscript in review, 1998). These measurements were acquired during the international climate-research field program, EFEDA, which was conducted in central Spain during 1991 [Bolle et al., 1993] .
The vegetation-corrected surface emissivity was derived by inverting the radiative transfer equation (equation (3) ). The relationship between the soil moisture content and the soil dielectric constant for representative soils in Spain was determined from both laboratory measurements and modeled estimates of the dielectric constant. The soil emissivity was subsequently calculated from the dielectric constant by the Fresnel equations [Schmugge, 1985] Surface soil moisture is a key factor in the partitioning of incoming radiation at the land surface. It is also the common link between the moisture and the energy balances, which are the physical basis for modeling of the Earth system. While the importance of this parameter is fully realized, independent spatial estimates at local to global scales are still largely unavailable. This inability to quantify soil moisture has had an adverse impact on environmental modelling efforts. Passive microwave remote sensing presents the greatest potential for providing this information at a global scale and at regular time intervals. Spatially accurate estimates of surface moisture should provide the necessary input for improved predictions of global circulation. Real-time estimates should improve weather and climate modeling efforts, while the creation of historical data sets will provide necessary information for simulation and validation of long-term climate and global change studies. Additional applications of these data include desertification and drought monitoring, agricultural forecasting, and flood potential prediction.
Results from the above research programs have demonstrated the potential for deriving soil moisture from C-band satellite microwave signatures and should provide a basis for further development and application of inverse modeling techniques. This is especially important in light of upcoming new microwave sensors, such as planned for the EOS-PM platform.
